• Three-dimensionality, the current effects on waves (CEW), and bathymetric and forcing 
enstrophy [e.g., Long and Özkan- Haller, 2009] Cross-shore profiles of time-and alongshore-averaged (denoted by the <#> operator) model results forced by steady offshore waves with the RMS wave height H rms of 1.2 m, the peak wave period T p of 10 s, and the peak wave direction " p of 0 o (normal incidence) for the fully 3D (solid lines) and the barotropic 2D (dotted lines) cases: (a) H rms (blue lines) and T p (red lines), (b) " p (blue) relative to the shore-normal direction and the kinematic breaker dissipation rate ! ! ! ! (red), and (c) the crossshore (offshore) and (d) the alongshore (northward) components of the barotropic velocity u bt (blue) and barotropic Stokes drift ! !" !" (red). Notice the line color corresponds to that of the y axis and its labels. The thick gray line in (c) represents the alongshore-averaged bathymetry, -h (m), which shares the labels on the right red axis. The two vertical dashed lines denote the approximate offshore extents of the inner (x < 340 m) and outer (340 " x < 500 m) surf zones.
additional lateral mixing is introduced except for small hyper diffusion inherent in the third order 
232
Figure 4. Snapshots of the 3D structure of rip currents at t = 299 min (see Fig. 3a for the plan view). Offshore velocity u (left), northward alongshore velocity v (middle), and vertical upward velocity w (right) are plotted along 8 alongshore cross-sections at 32-m intervals in y. The vertical dashed lines denote the approximate offshore extents of the inner surf zone (x < 340 m). The main offshore rip current is developed around y = 450-482 m with the peak u at 1-3 m depths along with strong up-and down-welling w up to ±10 cm/s indicating prominent convergence and divergence. and barotropic Stokes drift ! !" !" (vectors), (d) vorticity advection term, (e) breaker acceleration torque curl B, (f) bottom-streaming torque curl S, (g) bottom drag torque curl D, and (h) vortex force torque curl J, at t = 300 min for the 3D case. Notice that different color scales are used. The two vertical dashed lines denote the approximate offshore extents of the inner (x < 340 m) and outer (340 " x < 500 m) surf zones. The thin contours are isobaths at 1-m intervals. The main rip vorticity and associated offshore Lagrangian transport appear around the middle of the domain, forced by the curl B that determines the initial width of the rip jet near the shore (i.e., the feeder region). Nevertheless, the vortex dipole develops with longer alongshore wavelength in and beyond the feeder region (200 < x < 340 m; the neck region) where the predominant torque is curl J, while curl D is secondarily important. In contrast, curl S is generally negative to decelerate the offshore-headed flow but is much less than the other torques by an order of magnitude. Note that the 2D vorticity balance is qualitatively the same and thus is not shown. by the vortex force in the 2D vorticity balance, we further rearrange curl J into:
3D structures
! ! ! ! ! !!! !" ! ! ! ! ! !" ! ! ! !" ! ! !" ! ! ! ! !" ! ! ! !" ! ! !" ! ! ! ! !" ! !! !" ! ! ! ! ! !" ,(1)375 curl = − ! × × !" !" = − ! • !" !" = − ! !" !" + ! !" !" .(3)
376
Because ! ≈ 0 (Fig. 2b) and !" !" ≈ 0 (Fig. 2d) , curl ≈ − ! !" !" . On the present coordinate 377 system, !" !" generally increases from the shore except for the decreasing regions shoreward of 378 the breaking points near the two longshore bars (Fig. 2c) . In regions of the seaward increasing . Cross-shore profiles of time-and alongshore-averaged (a) total barotropic kinetic energy KE bt (b) barotropic eddy kinetic energy in the VLF band EKE vlf , (c) ratios of EKE vlf /EKE tot , where EKE tot is the total barotropic EKE, and (d) the spectral mean VLF period T m2 , plotted for the 3D (blue) and 2D (magenta) cases. "NC" denotes the cases without CEW (broken curves). The two vertical dashed lines denote the approximate offshore extents of the inner (x < 340 m) and outer (340 " x < 500 m) surf zones. Differences are evident in KE bt and EKE vlf between the cases with CEW and the NC cases. Table 2 . Volume-averages of the variables plotted in Fig. 9 averaged for x " 600 m. as the square-root of the ratio of two spectral moments, Table 2 . Note that the barotropic velocity !" is exploited in the present analysis.
411
The 2D and 3D differences are subtle as expected for our choice of the bottom drag (Fig. 2b) .
419
The <EKE tot > profiles are more or less similar to those of <EKE vlf > (not shown seaward transport of EKE to accumulate EKE within the surf zone (Fig. 9b) . Several other introduced based on the surveyed bottom profile ! !! ! as depicted in Fig. 1 . We define a 450 parameter % that controls the alongshore variability in the following form: 9 , but for the 3D runs with CEW on several bed profiles, controlled by the perturbation parameter, % (Eq. 5). Proportionality to % is pronounced in KE bt , EKE vlf and EKE vlf /EKE tot although T m2 are inversely proportional to %. condition, while α =1 fits the typical nonumiform regime that has frequently been observed.
Bathymetric variability on intrinsic VLFs
451 ! !! ! ! ! ! ! !!" !! ! ! !!" !! ! ! ! !! ! ! ! ! ,(5)
465
Propotionality to α is manifested in the crosshore profiles of <KE bt > (Fig. 10a) and 466 <EKE vlf > (Fig. 10b) . They both are positively correlated with α (Figs 11a-b ) and well 467 approximated by cubic polynomials while retaining the similarity in the cross-shore profiles.
468
Unless α is too small (viz., α ≤ 0.1), the ratios of <<EKE vlf /EKE tot >> are about 60 % on average 469 ( Fig. 11c) and do not vary that much with moderate shoreward amplifications with increased α 470 (Fig. 10c) . Similarly, the ratios of <<EKE vlf >> to <<KE bt >> are about 40 %. Note that α = 0 does In contrast, the spectral mean intrinsic VLF period <T m2 > is inversely proportional to α 476 with a seaward increasing trend (Fig. 10d) , ranging from 13 to 36 min on average (Fig. 11d) .
477
The becomes longer as U decreases, which is the case for the seaward decaying rip currents and for 492 the attenuated <<KE bt >> due to the decreased bathymetric perturbation, α (Fig. 11a) . Therefore, 
Steady forcing magnitude on intrinsic VLFs

499
To examine responses of the intrinsic VLFs to forcing magnitudes, the 3D model is run and <<EKE vlf >> for higher waves (Fig. 13) . As expected from the discussion in Sec. 4.4, the 513 mean intrinsic VLF period is inversely proportional to H rms for smaller waves, while it is 514 approximately constant at ~18 min for H rms > 0.8 m (Fig. 13d) The wave forcing vanishes after t % 5 min for the two spin-down cases to let eddies decay spontaneously, whereas the steady forcing is imposed all the time for the two forced cases. The P2D model is run with constrained eddy viscosity in the fully 3D model to suppress depth-dependency, mimicking the 2D barotropic model. Notice that the forced 3D vortices are significantly elongated in the longitudinal direction, while the unforced 3D vortices are promptly collapsed into smaller eddies, as compared to more coherent, long-lived 2D vortices.
remarkably at t % 14 min to evolve into a filament rather than circular vortices. In the unforced 561 cases the 3D eddies evidently break down into small eddies and decay much more quickly than (Fig. 15) . We focus on the unforced spin-down cases to 568 observe the fate of eddies to avoid the complexities associated with the wave forcing that keeps 569 recharging kinetic energy in the lower wavenumbers in the forced cases. At t = 5 min, the 570 spectral shapes of the P2D and 3D models are almost identical as intended. The peak wavelength 571 is evident, ranging between 90 and 160 m. In the P2D model, as the KE bt gradually decreases 572 with time, the peak wavelength increases due to the KE bt transferred to the lower wavenumbers.
573
In contrast, the 3D model more rapidly loses the KE bt particularly at the lower wavenumbers.
574
The KE bt is transferred to the higher wavenumbers as most notably seen in (c), making mean . Alongshore-wavenumber barotropic kinetic energy spectra S bt for the P2D (thick solid curves) and 3D (thin dotted curves) spin-down cases at t = 5, 20, and 50 min denoted by the legend in (a). The selected cross-shore locations are at (a) x = 140 m in the feeder region, where the shore-face breaking occurs (Fig. 2b) , (b) x = 240 m in the inner surf zone (Fig. 2c) , and (c) x = 360 m in the offshore rip-head region. The abscissae are the reciprocal wavelength in m -1 . Initially, the peak wavelength is evident, ranging between 90 and 160 m. In the P2D model, the peak wavelength increases due to the kinetic energy transfer to the lower wavenumbers. In contrast, the 3D model rapidly loses the kinetic energy in the lower wavenumbers that is transferred to the higher wavenumbers as most notably seen in (c), resulting in gentler spectral slopes than the P2D model.
3D vorticity analysis
581
To further examine three-dimensionality of the rip eddies during the spin-down, we practically vanish (Fig. 16) . The horizontal vorticity is very large in the 3D model and a factor of the 2D case, promoting the forward KE cascade (Fig. 15) , where the initially coherent eddies while it is more intensified in the 3D case than the 2D case, because the offshore eddy migration 604 preconditions vortex stretching due to the increased depth.!
605
The vertical cross-sectional plots of all the three RHS terms and the advection term in Eq. 
Conclusions
645
The ROMS-WEC model [Uchiyama et al., 2010] 
793
To better estimate the surf zone wave field, the surface roller model [Svendsen, 1984; 794 UMS10, Sec. 3.2] can be exploited. 
